The purpose of this paper is an experimental and model assisted investigation of the capabilities of a dewatering system for sewage sludge for decentralised sites. Laboratory and field tests are performed with different initial conditions and the influences of filter medium, initial height, initial total suspended solids, temperature and relative humidity are discussed. The experimental work shows the feasibility of geotextile media for dewatering high water content sewage sludge and that the textile structure is of secondary importance. The specific filter resistance of the sludge cake is found to be the most significant factor in dewatering applications.
Introduction
Septic tank systems for pre-treatment and activated sludge systems for advanced treatment represent common on-site wastewater treatment solutions. Both systems produce liquid sludge which should be taken to joint facilities for further treatment (CEC working paper on sludge, 2000). In case of remote areas (e.g. tourist sites and refuges in mountain regions or national parks) simple stand-alone systems are required for dewatering and reduction of sludge at low hygienic hazards (Wett et al., 2002) . The aim is to develop a combined process for static drainage and solar thermal drying of the sludge. This procedure should be conducted in a box covered with a solar air collector and with a geotextile on a gravel layer at the bottom. In this paper the fundamental parameters of this procedure are investigated.
Among the alternatives, geotextile filtration basins combined with solar air heated drying systems represent an emerging technology that can be advantageously integrated in decentral site conditions. This system aims on the concept of rapid gravity drainage of free water with further water removed by evaporative processes. At the beginning of the dewatering process at the membrane surface a solids layer (filter cake) builds up and induces the filtration process. After the free water has been drained under saturated flow conditions, the dry solids content of the cake is increased by evaporation of the interstitial water between the solids. An optimum sludge handling can be defined as a process in which a high dewatering rate and low sludge mass for disposal, by means of a low solids mass and a high dry matter content of the dewatered sludge cake, are achieved (Crites and Tchobanoglous, 1998) .
Experimental work
Waste sludge of a municipal activated sludge plant has been dewatered in four filtration basins, 0.5 m in height and 0.5 £ 1.0 m in surface area (Demattio, 2003) . Four different polymeric geotextiles were utilised in this study representing a small variety of fabrics that can potentially be used in a filtration basin. Different solids content sludge was used, to determine the influences of the dry solids concentration on filtration and retention characteristics of the filter medium. Three tests were statically performed, each showing a single initial loading of 30 cm (150 litres) of sludge. Figure 1 shows that especially in the initial part of the dewatering process the textiles with higher porosity allowed a fast drainage of the water and after 2 hours the suspension has developed towards a saturated cake. During this initial period the quick filtrate release leads to a wash-out of solids. As soon as the filter cake is established the solids content of the filtrate shows similar values as the filtrate passing less porous geotextiles ( Figure 2 ). Reaching the drying stage, also cake compaction was similar in all the considered cases. After the end of the gravity driven dewatering phase evaporation at the layer surface caused a slow but continued decrease of the layer thickness. When the cake surface broke and evaporative processes involved the entire mass of remaining sludge the drying rate enhanced. The sludge separated into thin slices, which got slowly detached from the filter medium.
During three additional experiments -referred as dynamic tests -cyclic reloads of 150 litres (30 cm) of slurry per week have been applied under specific climatic conditions. These tests were performed for two reasons. The first one was to observe the variation of the filtration resistance of the formed filter cake during a dynamic operation and the temperature influences on the cyclic performance. The second reason was to establish relevant operative parameters, i.e. which sludge loading rate allows the best efficiency and how many operational cycles per season can be conveniently performed. After the second load was added, the dewatering rate slowed down, due to the resistance to the flow caused by the compacted sludge layer at the bottom. When the third load was added an effect was observed in both of the containers. The upper part of the humid cake layer came off from the bottom. Pieces of cake reached the surface of the slurry and remained floated during all the succeeding dewatering period. The importance of the temperature conditions for the dewatering process was observed. The difference in temperature remarkably influenced the filtration behaviour after the second load was added (Figure 3) . At a temperature of 30 8C the broken structure of the cake allowed a faster drainage of the water. The system drained with high efficiency even after the last 30 cm slurry load was added and only additional 10 days were required to finalise the dewatering stage. Further drying increased the value of the solids content of the filter cake from 8% to 60.5% in 40 days. A completely different situation is demonstrated at 10 8C: when the additional load of slurry was added the remaining and the new slurries mixed, forming an inhomogeneous suspension with floating filter cake slices on the liquid surface. The dewatering process and the following drying stage occurred at a very slow rate. A value of barely 13.7% was reached after three months at the conditions of 10 8C and 60% relative humidity.
Another consideration regards the measurement of total volatile solids TVS represented in Figure 4 . After 44 days from the last reload the reduction of TVS corresponded to 14% at 107 8C and 28% at 30 8C. At higher temperature conditions obviously a faster mineralisation process occurs.
Mathematical description of the process
The employed mathematical analysis is based on the superposition of the BT-model and the Conventional Filtration Theory. During the simulation the equation is solved as an implicit equation using slurry height as the independent variable, given inputs including filtration time and physical properties. Temperature dependence of physical properties such as density and viscosity is considered. In the simulation variations in operation pressure such as density and viscosity is considered. In the simulation variations in operating pressure are taken into account. At each increment the cake properties are considered constant, but allowed to vary between each increment.
The most significant assumptions in this method are: † the medium resistance R m of the geotextile remains constant throughout the filtration process; † at each time step the properties of the newly formed cake layer (porosity and specific resistance) are similar to the average filter cake properties (homogeneous filter cake); † the material specific parameters n and b are considered constant and equal to 1; † the filtration theory is assumed to be valid in conditions of cake saturation. After the unsaturated stage has been reached only the evaporation model has been considered.
The conventional filtration theory
On the basis of the two-resistance theory and the power-law type constitutive equations, researchers such as Cleveland et al. (1996) , Sorensen et al. (1996) and Tiller and Kwon (1998) investigated the behaviour of highly compatible filter cakes (Lee and Wang, 2000) . A well established mathematical mode is the resistance model based on the cake filtration theory. In this model, the particles that are too large to enter filter pores are assumed to form a cake layer on the medium surface, thus providing additional resistance to filtration.
where V represents the cumulative specific filtrate volume, Dp pressure loss, m viscosity and c involves the porosity 1 and densities r of solids and water. The assumption implicit in the derivation of Equ.
(1) is that as the sludge slurry is filtered, each increment of slurry deposits its solids in the cake and the associated water passes through the filter medium as filtrate. The cake thickness increases up to the point where all the solids are deposited or until unsaturated conditions are reached and filtration ends. In modelling cake filtration processes, it is necessary to know the behaviour of the cake's compressibility and permeability (Das and Ramarao, 2001) . The parameters used in the filtration theory to describe the cake characteristics during the process are the specific cake resistance a avg and the cake porosity 1 avg . The variation of these parameters is described through equations that are frequently referred to as constitutive relationships. Constitutive equations describe the deformation behaviour of the solids in a filter cake and can only be determined experimentally. Tiller proposed the following constitutive equations:
1 2 1 avg ðtÞ
where a 0 and 1 0 are specific filtration resistance and porosity at zero compacting pressure; P a is an arbitrary normalising pressure; b and n are material specific parameters. n is called coefficient of compressibility, and a commonly determined value of n for activated sludge is 1 (Sorensen and Hansen, 1993) . It indicates a high degree of compressibility. Generally, the constitutive relations are determined by independent experiments in an apparatus known as the compression-permeability cell (C-P-cell). Another route is to obtain the parameters from experimental filtration data. Boundary flux data on the volumetric flow are almost always available (Das and Ramarao, 2001) . Average specific filtration resistance a avg and porosity 1 avg were determined from the plot of t/V versus V based on the conventional filtration Equation (1). The average specific cake resistance a avg can be calculated from the slope of this plot, while the medium resistance R m corresponds to the value of the y-intercept of the line. The estimated value of the filter medium resistance was around 10 7 m 21 , which is a very small value in comparison with the smallest cake resistance determined in this study (in the range of 10 10 m 21 ). It has to be considered that the filter medium resistance is not negligible vs. the cake resistance during a very short initial period, because at the beginning of the process the filter medium offers the major resistance to liquid flow.
Evaporation model
Evaporation from the activated sludge during the filtration and consolidation processes was estimated using a meteorological model. An approach that has been used widely to estimate evaporation rate from open water is the bulk aerodynamic transfer model, hereafter referred to as BT-model (Ham, 1999) .
where E is the evaporation rate (kg m 22 s 21 ); U r is the average wind speed at some reference height (m s 21 ); C e is the bulk aerodynamic transfer coefficient for vapour transport (2 ); e p s is the saturation vapour pressure at the temperature of the water surface (Pa); R d is the gas constant (287.04 J kg 21 K 21 ); T s is the temperature of the surface (K) and 0.622 is the ratio of the molecular weights of water and dry air; f (%) is the relative humidity.
According to Ham (1999) values of C e range from 1.0 £ 10 23 to 2.0 £ 10 23 for a water surface. Since the solids particles limit the evaporation from the sludge surface, a constant value of the bulk aerodynamic transfer coefficient for vapour transport C e of 1.00 £ 10 23 was found to be the best choice.
The model approach was calibrated for each of the considered experiments and allowed establishing its range of validity of the filtration theory and of the BT-model. The constitutive parameters have been fitted to the data according to the procedure described above. Simulation results of the static tests showed a satisfying fit with data.
In order to gain model parameters for predictive purposes and for the systematic investigation of the cyclic dewatering operation (dynamic tests) a relationship between constitutive parameters and the initial TSS concentration had to be established. The expressions in Figure 5 represent linear relationships resulting from static test data.
Results and discussion
Comparing the calculated values of the 2 terms of Equ.(1) referring to cake resistance and media resistance the limited influence of the texture of the geotextile can be explained. The textiles govern the first stage of filtration for a short period of time, in which the filter medium retains the solids particles. The deposited particles form a thick layer with decreasing permeability and the resistance of the filter cake to the water flux prevails on the resistance of the textile. Hence the porosity of the geotextile lacks importance on the overall dewatering performance but prevents an excessive wash-out of solids during the build-up phase of the filter cake (Figure 1 and Figure 2) .
The dependence of the dynamic viscosity m on the temperature significantly influenced the duration of the dewatering period. The value of m (kg m 21 s 21 ) varies from 0.00082 at 30 8C to 0.00130 at 10 8C. It means that at lower temperature conditions, greater shear stresses between permeate and filter cake particles develop and that the permeability to the water flow decreases (Figure 3) . The second important influence of temperature on the process was observed after the drainage stage had finished. The vapour exchange depends linearly on the difference of vapour pressure e a between air and sludge surface and e a is a function of temperature. A variation of air temperature results in a significant difference in evaporation rate. Moreover the temperature has a significant influence on the mineralisation rate, which doubled between 10 8C and 30 8C (Figure 4) . The biological stabilisation of the activated sludge is an important criterion to take into account when dealing with onsite dewatering systems, because it indicates the hygienic status of the treated sludge.
The simulation of cyclic reloads of the dewatering system (dynamic tests) revealed that the specific cake resistance a avg represents a key parameter. If the dewatered cake material remains on the bottom of the basin, the dewatering process is slowed down and a higher flow resistance should be considered in the calculation. On the other hand, the partial detachment of the cake due to reloading results in a value of specific filter resistance that is difficult to estimate because of the variable mass involved in the detachment.
In order to take into account the whole range of possible cases, two boundary situations were considered. The specific filter cake resistance was determined by means of the linear equation, varying the value of the total suspended solids s between two extreme cases. Firstly the total detachment of the old sludge mass was simulated, and the sludge was considered to be a homogeneous suspension with s the average of the concentrations of the old and the currently introduced sludge. The second situation supposed no detachment of the old cake mass and the value of s affecting the filter resistance was assumed to be the solids content of the compact sludge cake measured before the reload was carried out. The first assumption leads to an overestimation of the filtration rate while the second one underestimates the filtration performance and the real situation appears to be between theses boundaries ( Figure 6 ).
As expected a higher suspended solids content slows down the dewatering rate due to the impact on the constitutive parameters: the specific resistance of the filter increases and the porosity decreases causing a diminished permeate flux. However a higher TSS affects the dewatering performance less than a higher initial height does, because in the second case a larger amount of water has to be filtered through the filter cake. Figure 7 represents the simulation of the dewatering process of 3 kg activated sludge. 10 cases were simulated to observe the interdependence between the initial layer height h 0 (m) and the initial concentration of total suspended solids TSS (g/l) and to examine which conditions allow better dewatering results for a certain mass of sludge solids. The height was varied between 0.1 m and 1 m and the corresponding TSS value was considered.
The sludge level profiles indicate that a higher initial suspended solids content and a smaller initial layer height h 0 achieve a shorter drainage period. It should be noted that the dewatering rate dh/dt is higher where the initial height is higher (lower flow resistance), but a larger amount of water has to pass the filter cake. While at the lowest considered initial height (0.1 m) the dewatering simulation shows a good performance after 1 day, at the initial height of 1 m more than 3 days have to pass to reach the same result. These findings stress the importance of sufficient settling and pre-thickening of sludge before feeding to the dewatering unit. Figure 6 Comparison between different effective s (total solids) concentrations after reloading applied for the calculation of the constitutive filtration parameters Figure 5 Simulation of the thickness (h total, simulated ) of a sludge layer (initial TSS ¼ 13 g/l) by superimposing dewatering processes due to filtration (h filtration,simulated , Eq. 1) and evaporation (Eq. 4)
Conclusions
Since in this study the sludge particles were subjected to low pressure (maximum of 30 cm hydraulic head), neglecting the compaction differences between the strata has a better correspondence than in the case of mechanical dewatering under high-pressure load. The basic assumption of average cake properties a avg and 1 avg of the conventional filtration theory appear to have a higher degree of validity.
It was concluded that in dewatering applications the specific filter resistance of the sludge cake is the major concern. After the filter cake is formed, the permeability drops sharply and a good dewatering result can be achieved only be minimising the compaction of this stratum. The influences of initial height, initial total suspended solids and temperature at specific relative humidity conditions have been evaluated and it was found that filtration should be performed at higher TSS (pre-thickened sludge) and at rather thin layers of the slurry. Air temperature turned out to be an important factor, especially if a cyclic operation of the system is considered. The optimum point in time for reloading occurs shortly after the dried surface is broken and the compacted layer can more easily detach from the geotextile. Increased temperature does not only enhance evaporation but also reduces viscosity of water and therefore improves filtration rate significantly. Figure 7 Simulation of the dewatering performance of 3 kg suspended solids at initial concentrations varying between 3 and 30 g TSS/l
